Introduction
Numerous experiments have been conducted to determine the respiration rates of various vegetables after harvest. Nevertheless, it is well-nigh impossible to gain a clear knowledge of the comparative rates of respiration exhibited by different kinds of vegetables from the scattered data in the literature, because of the wide variations in temperature and other conditions under which such experiments were carried out. Only the studies of BENOY (4) and of APPLEMAN and SMITH (1) represent consistent efforts to secure comparable data on respiration under uniform conditions.
Aside from traiispiration, respiration is undoubtedly the most important factor contributing to the deterioration of vegetables after harvest. Additional information on respiration rates at different temperature levels is needed for the solution of practical problems concerned with storage and transportation of fresh vegetables. The experiments here reported were carried out with this point in view. Carbon dioxide production and oxygen consumption were determined simultaneously in the hope that the calculated respiratory quotients would shed some light on the metabolism involved. In particular, it was expected that an explanation might be found for the phenomenon of low temperature injury which has frequently been observed in certain fruits and vegetables and which has been attributed to abnormalities in the course of respiration.
Methods
The procedure followed was to measure simultaneously the rate of oxygen uptake and carbon dioxide evolution, and was essentially the same as that developed by MAGNESS and DIEHL (12) . Suggestions for the improvement of this method offered by HALLER and ROSE (9) were followed and the writer further changed the apparatus by applying the principle of the Mariotte bottle in order to maintain a uniform atmospheric pressure in the system.
Depending on the temperature of the room and the respiratory activity of the vegetable under examination, a representative sample, varying from 200 to 3000 gm., was placed in the respiration chamber (E) ( fig. 1 ). After applying the cover, the air in the chamber was saturated with water vapor by means of a hand atomizer. Through the funnel (D) 50 ml. of 1 N sodium hydroxide were added to the funnel (F). The chamber was then connected to the oxygen cylinder (B) and this in turn was attached to the Mariotte bottle (A).
Carbon dioxide produced in the course of respiration was absorbed by the alkali in the bottom of the chamber. As oxygen was consumed by the vegetables, the gas pressure in the chamber diminished and this caused a flow of oxygen from the cylinder (B) into the chamber. Atmospheric pressure in the entire system was quickly reestablished by the flow of water from the Mariotte bottle into the oxygen cylinder. This arrangement proved to be so sensitive that a pressure deficit of only one or two mm. of water as read on the manometer (H) was sufficient to cause water to enter the cylinder. It Mariotte bottle has no effect on the pressure in the system and atmospheric pressure is maintained as long as the lower tip of the capillary tube in A is kept at the same level as the tip of the delivery tube entering the cylinder (B).
At the end of each run the quantity of oxygen displaced by water in the cylinder (B) was measured. At the same time, the alkali in the funnel (F) was drawn off, an excess of barium chloride was added, and the amount of carbonate present determined by double titration against 1 N hydrochloric acid using phenolphthalein and methyl orange as indicators.
A serious error in the oxygen readings arises from the fact that changes in atmospheric pressure and temperature produce volume changes in the system which at low temperatures occasionally exceed those resulting from the consumption of oxygen by the vegetables. Since there is no simple method whereby a uniform atmospheric pressure can be maintained, correc-tions had to be applied. This was done by setting up a second chamber of the same size and thickness of glass as the chamber (E). Pressure changes oceurring during each run were recorded on the gauge of this control chamber; thus it was possible to calculate accurately necessary corrections for the volumne of gases occupying the respiration chamber and oxygen cylinder. The volume of oxyagen consumed was calculated to standard conditions oni the basis of the atmospheric pressure and temperature prevailing at the beginning of each run.
Another source of error was eliminated by allowing equilibriumn to establish itself betweeni the carbon dioxide in the chamber and the absorbing alkali before the initial oxygen reading was takeni. Actually, a true equilibrium is never reached because the absorbing power of the hydroxide diminishes as its concentration decreases. Consequently, the partial pressure of carbon dioxide in the chamber iniereases throughout the run. Preliminarv experiments showed, however, that during the first four hours the coneenitration rose to oine per cent. or less, depending on the actual rate of respiration. Thereafter, the rate of increase in the partial pressure of carbon dioxide became so small that it could be neglected. In the course of actual experimentation, the funnel (F) was drained four hours after the apparatus was set up and fresh sodium hydroxide was added after which the initial reading was taken.
The corrected value for the volume of oxygen consumed in respiration was calculated according to the formula: where V0 = corrected volume of oxygen reduced to standard conditions. V1 = volume of oxygen displaced by water. Vc = free volume of the system at the end of the experiment. K = constant to correct for differences in the solubility of oxygen and nitrogen in water when in equilibrium with air and pure oxygen at the temperature T. P = pressure change as measured in the check chamber. P1 = initial barometric pressure. PH2O = vapor pressure of water at the temperature T. T = temiiperature in degrees of absolute temperature.
Respiration studies were carried out in three rooms in which temperatures of 0.5, 10.0, and 24.00 C. were maintained. In order to keep temperature fluctuations withini 10 C., it was found necessary to enclose the apparatus in a large box well insulated with fiber board. Light was excluded from the vegetables except for brief periods when the apparatus was assembled or when readings were taken.
Immediately after harvestinig the veoetables were cleaned, weighed, and aliquot lots distributed in the three rooms. Usually the first determiniations of the respiration rate were made 6 hours after harvest. There were two exceptions, however. For greenhouse cucumbers, which were obtained from a grower in Indiana, the first determination was delayed three days. Potatoes used in these experiments had been harvested three weeks earlier and in the meantime they had been held at an approximate average temperature of 130 C.
Depending on the kind of vegetable involved and the temperature of the storage room, each respiration run lasted from five hours to three days. During this period, the vegetables were necessarily exposed to an atmosphere saturated with water vapor. Between experiments, they were kept in the same room and at the same temperature, but at a relative humidity considerably below that of the respiration chambers. In some vegetables, this resulted in severe wilting, a fact which must be taken into account when interpreting the results of these respiration studies. Depending on the expected storage life at each of the three temperatures, determinations of the respiration rate were repeated at intervals varying from one day to one month until the samples showed signs of internal breakdown or infection with disease organisms.
All respiration data were expressed on the basis of the original fresh weight. It was feared that calculations on the basis of fresh weight at successive periods would yield misleading results, since changes in the fresh weight are caused primarily by the loss of water in transpiration, whereas the actual dry weight of the samples decreases but little.
The kinds of vegetables and the particular variety used in these respiration studies were as follows: Following the conventional method of expressing the degree of respiratory activity, the results of these experiments are reported in terms of car-boli dioxide production. Calculations based on oxygeni consumption would have led to the same general conclusions with respect to the relative respiration rates of the different vegetables. Considering first the rates at 240 C., shown in figures 2 and 3, it will be noticed that in general the rates declined rapidly during the first few days of storage. Thereafter, the trend became irregular, some vegetables showing a further decrease, others an upward trend in respiratory activity. Striking differences are apparent in the relative rates of the ten vegetables studied. To mention two extremes, the initial rate of asparagus was found to be 59 times as high as that of potatoes. The trends in respiratory activity at 100 C. are shown in figures 4 and 5 and those at 0.50 C. in figures 6 and 7. While the decline in respiration rates followed the same pattern as it did at 240 C., the general level of activity became decidedly lower as the storage temperature decreased.
Unquestionably, the actual respiration rate observed in each instance is the integrated result of several factors, but an explanation of the behavior of any one vegetable must rest oni pure speculation. Nothing more is possible than to point out some of the factors which appear to play a prominent role in the respiration process.
While most of the available evidence supports the theorv that, of the different forms of sug,ar found in plant material, only glucose serves as the ultimate substrate in respiration, data have been presented by BARKER (2) which suggest strongly that, in potatoes at least, the gamma-fructose part of the sucrose molecule is oxidized before glucose enters the respiration process. Regardless of the types of sugar which may serve as substrates, the observed differences in the initial respiration rate of different vegetables cannot be explained on the basis of the law of mass action. Examination of table I furnishes convincing proof that no correlation exists between respiratory activity of different vegetables and their content of either glucose or total sugars. This lack of correlation is by no means to be taken as evidence that the law of mass action plays no role in determining respiration rates; its effect may merely be masked by the influence of other factors of greater importance. In considering> the respiration curves of individual vegetables, many of the internal factors remain nearly conistant in their effect on respiration and it becomes then possible to explain the gradual decline in respiration rates by means of the law of mass action. Still, the view may be taken that this decline in rate is the effect of gradual aging and slow disintegration of the cells.
Little is known about the kinds and quantities of enzymlles taking part in the respiration process directly or indirectly. It seems likely that this factor is the most important one of all. In fact, differences in the respiratory activity of the various plant organs may in the last analysis be attributed to deviations in enzyme activity. shifted from a low temperature to 300 C. had a high initial respiration rate which declined rapidly in spite of the fact that at this temiperature the concentration of total sugars aetually increased for 10 days. All available evidence makes it extremely doubtful, therefore, that a shift in the sugar-starch equilibriumli of plant material has a direct effect on the respiration rate.
TEMPERATURE COEFFICIENTS
The relatiolnship between temperature and respiration rate is usually expressed in terms of Qlo values which indicate the ratio between reaction rates at intervals of 100 C. Since in these experiments, temperature intervals were 9.5°and 14.00 C., respectively, it became necessary to recalculate the data on the basis of a 100 temperature range. This was done by applying the formula (7) and GORE (8) who, working with various fruits, failed to notice any decided falling off in the acceleration of respiration until a temperature of 320 C. was attained.
In interpreting, the calculated Qlo values, it is well to distinguish between the direct and inidirect temperature effects. The rate of increase in respiration with risinig temperature would probably follow a comparatively smooth curve were it not for the fact that any shift from one temperature to another involves pronounced changes in plant metabolism. Such changes do not necessarily follow VAN'T HOFF'S rule; in fact, a complete reversal in the reaction equilibrium may take place as is illustrated by the sugar-starch equilibrium of potato tubers at different temperatures. Little is known of the extent to which shifts in the metabolic course with changing temperature influenee the respiration rate. One may reasonably assume, however, that the existing variations in the Q.o values found are in part caused indirectly by the effect that temperature changfes have on plant metabolism.
RESPIRATORY QUOTIENT AND SUBSTRATES USED IN RESPIRATION
Certain deductions concerning the course of respiration can be made if the available data show not only the rate of carbon dioxide production, but also the quantity of oxygen consumed. In fact, much valuable information about the mechanism of plant respiration has been obtained from experiments in which the respiratory quotient was the principal criterion of the effect that certain factors, such as anesthetics, had on the respiratory quotient under controlled conditions.
In the present study, calculations of the respiratory quotient were included primarily for the purpose of ascertaining to what extent substrates, other than carbohydrates, were involved in the respiration process. It must be admitted, however, that the respiratory quotient alone cannot give any definite information concerning either the course of respiration or the substrate utilized. In no way can the magnitude of the respiratory quotient be considered an expression of the degree to which the oxidation process has been completed. Depending on whether organic acids or fats and proteins serve as substrates, a quotient above or below one may be obtained by complete oxidation to carbon dioxide and water. Likewise, under partial anaerobic conditions some of the sugar may be converted to alcohol and carbon dioxide or it may be oxidized to organiic acids; the corresponding respiratory quotients would be above one in the former, and below one in the latter case. The interpretation of the respiratory quotient is further comiiplicated by the fact that several substances may be involved in the respirationi process simultaneously. If, for instance, proteins, sugars and organic acids serve in equal molar proportions as substrates for the complete oxidation to carbon dioxide and water, the observed quotient would be close to unity, a value similar to that which would be obtained if only sugars were involved -in the respiration process. Consequently, it is possible to draw definite conclusions from the observed respiratory quotients only if the studies are supplemented by detailed chemical analyses serving as a balance sheet to show exactly the net loss or gain in the substrates and end-products of respiration.
The data in tables III, IV, and V are presented, therefore, only for the purpose of suggesting instances where an unusual behavior in the respiration process is indicated. Subject to a few exceptions, certain trends are apparent. For most vegetables, a quotient fairly close to unity was observed. In general, the respiratory quotient was highest immediately after harvest. As the storage period progressed, the quotient drifted to slightly lower levels. A definite relationship between the storage temperature and the respiratory quotient was also indicated; higher values were usually obtained in the upper temperature range.
Considering the behavior of each vegetable separately, the possibility suggests itself that the respiratory quotient in some way is connected with the intensity of respiration. It is not unlikely that rapid utilization of organic acids occurs whenever the rate of respiration is high, which would result in a quotient above unity. It may also be that protein decomposition plays an increasingly greater role toward the end of the storage period, tending to depress the quotient obtained. was noticed, but even after 123 days of storage at 0.50 C. the writer found a respiratory quotient of only 0.78. Most surprising is the fact that such a wide ratio between oxygen consumption and carbon dioxide evolution can be maintainied for a period of several months. Surely the excessively low quotients cannot be explained on the basis of differential permeability of the epidermis to carbon dioxide and oxygen. If such a difference did exist, its effect would soon be overcome by an increase in the partial pressure of carbon dioxide within the tissue. Equally unlikely is the assumption that the utilization of fats and proteins caused the abnormally low quotients. If these substances had been used one should expect a quotient of 0.7 to 0.8, valuies much higher than those actually found. Perhaps the most plausible explanation can be based on the theory that throughout the storage period part of the carbohydrates are oxidized incompletely to organic acids. The actual quantity of acids accumulated would not be unreasonably large.
Assuming an average respiration rate of 2.5 milligrams of carbon dioxide per kilogram per hour and an average quotient of 0.6, the total quantitv of oxygen consumed in excess of the corresponding amount of carbon dioxide evolved would be only 0.288 gm. per 100 gm. fresh weight in a period of 100 days. This quantity would be sufficient to form 1.2 gm. of malic acid by oxidation of sugar. The accumulation of that quantity of organic acid is not unlikely. At any rate, of all the possibilities examined, this theory appears to offer the most probable explanation. The only conclusion that can be drawn from the available data is that the respiration of potatoes at low temperatures involves not only the simple oxidation of sugars to carbon dioxide and water, but also metabolic processes of greater complexity. Respiratory quotients in general were highest soon after harvest, and with few exceptions smaller values were found at the lower temperature levels.
Spinach and potatoes gave unusually low respiratory quotients, especially at 0.50 C. As a possible explanation, it is suggested that in these vegetables, carbohydrates are converted to organic acids.
Vegetables which developed low temperature injury at 0.50 C. failed to show any unusual respiratory quotients. Based on these data, it appears unlikely that low temperature injury is the result of suboxidation. 
